Anaerobic oxidation of methane coupled to nitrite reduction is a recently discovered methane sink of as yet unknown global significance. The bacteria that have been identified to carry out this process, Candidatus Methylomirabilis oxyfera, oxidize methane via the known aerobic pathway involving the monooxygenase reaction. In contrast to aerobic methanotrophs, oxygen is produced intracellularly and used for the activation of methane by a phylogenetically distinct particulate methane monooxygenase (pMMO). Here we report the fractionation factors for carbon and hydrogen during methane oxidation by an enrichment culture of M. oxyfera bacteria. In two separate batch incubation experiments with different absolute biomass and methane contents, the specific methanotrophic activity was similar and the progressive isotope enrichment identical. Headspace methane was consumed up to 98% with rates showing typical first order reaction kinetics. The enrichment factors determined by Rayleigh equations were -29.2 ± 2.6‰ for δ 13 C (ε C ) and -227.6 ± 13.5‰ for δ 2 H (ε H ), respectively. These enrichment factors were in the upper range of values reported so far for aerobic methanotrophs. In addition, twodimensional specific isotope analysis (Λ = (α H -1 -1)/(α C -1 -1)) was performed and also the determined Λ 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24
isomers for lighter substrates is not uniform. Thereby, different pathways of substrate conversion can often be distinguished by the specific isotopic signature of the remaining pool or the product formed Mahieu et al., 2006; Meckenstock et al., 2004; Vogt et al., 2008) .
The weighted average δ 13 C of all biotic and abiotic methane sources is about -54 ± 5‰, but the average δ 13 C of atmospheric methane is only -47‰ (Quay et al., 1999) , indicating that methane consumption processes lead to its enrichment with the heavy isotope. During aerobic methane oxidation, the remaining methane pool becomes enriched with 13 C and 2 H under non-limiting substrate conditions, which can be attributed to the kinetic effect of the initial and irreversible step of the pathway, the monooxygenase reaction (Nesheim and Lipscomb, 1996; Templeton et al., 2006) .
The isotope enrichment of the residual substrate pool is expressed in enrichment factors (ε). So far, several enrichment factors for carbon and hydrogen during aerobic methane oxidation were determined (Bergamaschi and Harris, 1995; Coleman et al., 1981; Feisthauer et al., 2011; King et al., 1989; Kinnaman et al., 2007; Reeburgh et al., 1997; Snover and Quay, 2000; Tyler et al., 1994) . The factors showed a broad range and could not be linked to a distinct type of methane monooxygenase, phylogenetic affiliation or cultivation condition. Furthermore, also enrichment cultures from marine sources exhibiting sulfate-dependent anaerobic methane oxidation produced enrichment factors for carbon and hydrogen similar to those of aerobic methanotrophs (Alperin et al., 1988; Holler et al., 2009; Kessler et al., 2006) , despite the profoundly different underlying biochemical methane activation mechanisms.
As the observed bulk stable isotope effect can be influenced by masking effects, e. g. diffusion or transport limitation, a two-dimensional analysis on the basis of hydrogen and carbon has been proposed (Feisthauer et al., 2011) . The masking effects are considered to influence the bulk isotope fractionation of each element to the same extent, thus the ratio of both fractionation factors could potentially provide a better picture about a particular biotransformation process in the environment (Feisthauer et al., 2011) .
This study aimed to investigate the isotope enrichment factors for carbon and hydrogen and to determine the two-dimensional fractionation factor during nitrite-dependent anaerobic methane oxidation by an M. oxyfera enrichment culture.
MATERIALS & METHODS

Enrichment culture and methane oxidation
The culture of M. oxyfera bacteria (corresponding to strain "Twente" in Ettwig et al. (2010)) was enriched anoxically in a sequencing batch reactor under continuous supply of methane and nitrite as described before (Wu et al., 2011a) , and consisted of ~80% of M. oxyfera bacteria. The incubation for isotope analyses was performed in batch incubations using 60 ml glass serum bottles with two different headspace to liquid volume ratios: 0.35 (further referred to as R0.35) and 2.8 (R2.8). Biomass was concentrated two times in nitrate-free mineral salt medium (Ettwig et al., 2009 ) buffered with 5 mM 3-(N-morpholino) propanesulfonic acid (MOPS) under oxic conditions. After aerobically dispensing the biomass to 12 (R0.35) and 8 (R2.8) serum bottles, these were sealed with red butyl rubber stoppers (Rubber BV, Hilversum, Netherlands), crimped with aluminium caps and made anaerobic by 5 cycles of successive vacuuming and gassing with helium, and a final flushing with helium for 5 min. In each serum bottle, an overpressure of 0.4 bar was applied. Thereafter, methane (Air Liquide, Eindhoven, Netherlands) was added to a concentration of 3-5% (v/v) of headspace gas. Culture bottles were incubated horizontally on a shaker (Innova ® 40, New Brunswick Scientific, Enfield, CT, United States) at 170 rpm and 30°C. Headspace methane content of each serum bottle was monitored throughout the experiment. At certain levels of oxidation (0-98% of initial concentration), bottles (one per time point) were sacrificed by injection of 1 mL of 4 M sodium hydroxide and stored at 4°C until analyses. In 125 addition to biotic culture incubation, abiotic control serum bottles (without culture addition) were prepared.
Analysis of nitrite, methane and protein content
Methane concentrations were analyzed by gas chromatography as described by Ettwig et al. (2008) .
Each sample was measured in duplicate by manual injection of 100 µL headspace gas with a gas-tight syringe (Hamilton, Bonaduz, Switzerland). Protein content from 3 representative batch incubations per experiment was analyzed by bicinchoninic acid assay according to the manufacturer's instructions (Ettwig et al., 2008) . Nitrite content was monitored throughout the incubation with Merckoquant test strips (Merck, Darmstadt, Germany) in order to prevent nitrite limitation. In experiment R2.8, additional nitrite was supplied by a 100 mM anaerobic stock solution.
Isotope-ratio mass spectrometry
The isotopic composition of the headspace methane was analyzed with an isotope-ratio mass spectrometer (Finnigan MAT 253, Thermo Finnigan Bremen, Germany) coupled to a gas chromatograph (GC, HP 7890A Series, Agilent Technology, Santa Clara, CA, United States for H and HP 6890 Series, Agilent Technology, Santa Clara, CA, United States for C isotopes) via a combustion device. Dependent on the concentration of methane in the headspace, 50 to 1000 µL gas were injected into the GC by a sample-lock syringe (Hamilton). Helium was used as a carrier gas with a constant flow of 2 mL min -1 at 40°C. Each sample was measured at least 3 times. The standard deviation was always lower than 0.6 ‰ for δ 13 C and 7.8 ‰ for δ 2 H, respectively. Due to analytical limitations, δ 2 H of headspace methane of some serum bottles could not be determined and was abandoned from final calculations. (1981) , the initial concentration of light methane isotopes can be approximated by the total methane concentration as the natural abundance of 13 C and 2 H is small (1.1% and 0.015%, respectively). Furthermore, the simplified Rayleigh equation approach applies for first order reaction kinetics, where concentration of methane is the rate limiting factor (Coleman et al., 1981 ).
In the current study, the isotope enrichment factors (ε) for carbon and hydrogen were calculated by a simplified Rayleigh equation approach according to Elsner and co-workers (2005) By combining the equations 1 and 2, the isotope enrichment factor can be expressed according to The isotope enrichment factor was determined from the slope of the linear regression after plotting of ln((δ t + 1000)/(δ 0 + 1000)) versus ln(C t /C 0 ). δ t and δ 0 represent the isotope values at the beginning and after a certain time of the experiment, respectively. The standard error originating from the slope was calculated with 95% confidence interval according to Elsner et al. (2007) .
The isotope fractionation factor (α) can then be calculated according to equation 4.
In order to account for potential masking effects, a two-dimensional specific isotope analysis based on isotope fractionation of two elements was performed according to Elsner et al. (2007) and is presented in equation 5. Λ = Eq. 5
RESULTS & DISCUSSION
Methane oxidation kinetics
In R0.35, methane was consumed up to 98% within 20 h of incubation, in R2.8 the oxidation did not exceed 84% within 136 h (Figure 1) . The different oxidation rates in R0.35 and R2.8 were consistent with the absolute protein content: the specific methane oxidation activity was comparable for both incubation experiments, 3 ± 0.3 in R0.35 and 3.2 ± 0.2 μmol g -1 protein min -1 in R2.8, respectively. In both R0.35 and R2.8, methane oxidation followed first order reaction kinetics; most culture bottles of each experiment exhibited similar methane oxidation rates ( Fig. 1 ).
During both incubation experiments a significant increase in biomass could be excluded, as the doubling time of M. oxyfera-like bacteria lies in the range of one to two weeks (Ettwig et al., 2009) . In a previously conducted activity test, the stoichiometry of methane to nitrite consumption was determined to be close to the theoretical ratio of 3:8, indicating that N-DAMO was the predominant denitrifying pathway.
Isotope fractionation of carbon and hydrogen
Both R0.35 and R2.8 exhibited an enrichment in heavy isotopes of carbon and hydrogen during the course of incubation. The δ 13 C of methane was -37.8 ± 0.6‰ at the start of incubation and increased to II methanotrophs produced similar enrichment factors for methane regardless of the type of expressed MMO. Although Nesheim and Lipscomb (1996) determined that isotope fractionation during biological methane oxidation is primary due to catalysis by MMO, the experiments with whole cells showed that other processes might play a significant role for observed bulk isotope effect as well. Previous studies on microbial aerobic oxidation of phenol and benzoate provided evidence that growth rates and physiological features were major parameters for the variation of isotopic discrimination of carbon (Hall et al., 1999) . These factors correlated, directly or indirectly, with kinetics of substrate transport into the cell and thus its availability for the activating enzyme. As concluded by Kinnaman et al. (2007) , substrate limitation and transport rates during aerobic oxidation of C1-C4 alkanes were the ε H = -227.6‰ ± 13.5‰ R 2 = 0.99 ε C = -29.2‰ ± 2.6‰ R 2 = 0.99 incubation experiments nor was it affected by decreasing methane contents during oxidation within each incubation experiment. One of the factors leading to the high enrichment factor of δ 13 C could be the availability of oxygen for pMMO (Templeton et al., 2006) . The effect of oxygen would be inverse to that of methane concentrations. Theoretically, under low oxygen concentrations the process of methane oxidation would be slowed down favoring fractionation. Thus, even at low methane availability, the kinetic isotope effect could be offset by low oxygen. As M. oxyfera produces its oxygen intracellularly from nitrite via nitric oxide, this step is likely to be rate-limiting, thus restricting oxygen availability for pMMO (Ettwig et al., 2010) . -69.8 ± n.d. 3.7 Happell et al., 1994 --18.6 ± n.d. -57.5 ± n.d. 3.2 Happell et al., 1994 Landfill cover soil, Mainz area, Germany --7.9 ± 4 -42.1 ± 20 5.5 Bergamaschi & Harris, 1995 Landfill cover soils, Europe --7.9 ± 4 -37.5 ± 26 4.9 Bergamaschi et al., 1998 Landfill cover soils, New England, USA --21.5 ± 8 n.d. 
Two-dimensional specific isotope analysis
The two-dimensional specific isotope analysis was performed in order to compare the determined isotope enrichment factors and to minimize the possible masking effects during methane oxidation by M. oxyfera, and resulted in a lambda (Λ) value of 9.8. This approach was recently introduced in order to identify specific biodegradation processes (Elsner et al., 2007; Elsner et al., 2005) versus δ 2 H and calculation according to equation 5. The first approach was shown to be applicable only for enrichment factors of hydrogen not exceeding -100‰, which was out of the range during the current study. In general, there is a broad range of variation in Λ known from previous reports on methane oxidizing environmental gas samples and enrichment cultures (Tab. 1). The values range between 3.2 and 19 without an obvious correlation with phylogeny or environmental conditions. Thus, neither the phylogenetic affiliation nor the specific catalytic mechanism can be inferred from the twodimensional specific isotope analysis and this tool is not valuable for discrimination of different biological methane sinks.
Environmental implications
It is evident from all studies on stable isotope fractionation during aerobic methane oxidation the electron acceptors are known, the M. oxyfera-specific isotope enrichment factors determined herein could be used for quantification of methane degradation. Also methanogenesis might be an important factor which must be taken into consideration when interpreting isotope data from anoxic environments. Methanogenic activity may overlap with anaerobic methanotrophy, leading to a partial recycling of produced carbon dioxide thereby complicating the interpretation of isotope data. However, under nitrate/nitrite rich conditions in the habitat of M. oxyfera methanogenesis might be restricted due to the high redox potential and unfavorable kinetics in comparison with denitrifiers.
A study of Holler et al. (2009) on isotope fractionation by enrichment cultures of AOM consortia (ANME II clade) from various marine environments revealed ε C values of -11.9‰ --35.7‰ and ε H of -114.7‰ --229.6‰. Despite the profoundly different biochemical mechanism underlying anaerobic methanotrophy, its isotope enrichment factors resemble those of aerobic methanotrophs. Similar values were also reported by Kessler et al. (2006) and Martens et al. (1999) for gas samples from anoxic marine environments. These findings together indicate a narrow range of fractionation specific for biological methane oxidation. This can be valuable for the quantitative distinction between biotic and abiotic methane oxidation. The hydroxyl-driven abiotic methane oxidation in the atmosphere is responsible for almost one third of all methane removal (Thauer, 2011) and exhibits an Λ value of 75, a value of one magnitude larger than that of biologically mediated oxidation (Bergamaschi et al., 2000; Feilberg et al., 2005; Feisthauer et al., 2011; Saueressig et al., 1996; Saueressig et al., 2001) , making both processes well distinguishable. With the knowledge based on these findings, different methane sinks can be more strictly confined, which is important in the context of the recent debate on the evaluation of global methane budget (Heimann, 2011) . 
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